Research on the potential impact of air pollution on the health of adults and children has grown rapidly over the last decade. Recent studies have suggested that air pollution could also be associated with adverse effects on the developing fetus. This systematic review evaluates the current level of epidemiologic evidence on the association between ambient particulate air pollution and fetal health outcomes. We also suggest further research questions. Methods: Using database searches and other approaches, we identified relevant publications published between 1966 and 2001 in English. Articles were included if they reported original data on birthweight, gestational age at delivery, or stillbirth related to directly measured nonaccidental exposure to particulate matter. Results: Twelve studies met the inclusion criteria. There was little consistency in the evidence linking particulate air pollution and fetal outcomes. Many studies had methodologic weaknesses in their design and adjustment for confounding factors. Even in well-designed studies, the reported magnitude of the effects was small and inconsistently associated with exposure at specific stages of pregnancy.
T here is widespread evidence that short-term increases in ambient air pollution result in increased mortality and morbidity in adults and children, even at levels below current air quality standards. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Considerable consistency across studies has been observed for many health effects, particularly for those linked with particulate air pollution, although the biologic mechanisms of the health effects are unclear. 2, 3 The effects are reported to be more pronounced in susceptible population groups such as the elderly or people with preexisting cardiovascular and respiratory conditions. [11] [12] [13] [14] In addition to short-term exposures, long-term exposure to particulate air pollution has been linked to an increase in total mortality, cardiopulmonary mortality, and respiratory morbidity. 3, 11 Fetuses are thought to be a further subgroup of the population who could be vulnerable to the effects of air pollutants. 11 Studies of the association between particulate matter and adult health have been broadly consistent across different geographic areas of the world. At this early stage of evidence, it is of value to summarize the strength of the evidence for fetal outcomes, examine if the results are similarly consistent, and identify further research needs.
This article focuses on the associations between exposure to particulate air pollution and particular fetal health outcomes (fetal growth retardation, preterm birth, and stillbirth), with the aim of identifying, appraising, and summarizing the current epidemiologic evidence. epidem.com). We also searched web-based resources, scanned reference lists (of review articles, books, and published studies), searched the "gray" literature (U.K. Environment Agency reports, Department of Environment, Food and Rural Affairs publications, and WHO publications), and consulted with key experts in the field.
METHODS

Identification of Publications and Review Process
Identified publications were scanned by one of the authors (SG). The inclusion criteria for articles in this review were 1) nonaccidental exposure to directly measured particulate matter (PM); 2) a fetal health outcome; 3) publication between January 1, 1966, and December 31, 2001 , in the English language; and 4) availability through the British Library or the Internet. We excluded papers describing outcomes related to occupational or accidental exposure, as well as papers on spontaneous abortions and congenital anomalies. The former was excluded because we were interested in the effects of ambient particulate air pollution on fetal health. Publications covering spontaneous abortions and congenital anomalies were excluded because there were too few for consideration. Results presented only as abstracts were excluded after the reviewing process because they did not contain sufficient information for meaningful interpretation.
Papers meeting the inclusion criteria were formally reviewed by pairs of reviewers using a data extraction form based on previous reviews. 16, 17 This form was piloted before starting the data extraction process. The information extracted included study design, measurement methods for pollutants and outcomes, statistical techniques, confounding factors, and results. Table 1 presents a summary of the study design and results for each fetal outcome. There are multiple entries for publications that reported results for more than 1 outcome. Results were referenced back to the specific publication (rather than to the study) from which they were produced. When possible, effect estimates (odds and risk ratios, mean change) are recalculated as the expected change in outcome for an increase in air pollution levels by 10 g/m 3 (total suspended particulates or TSP, PM 10 , PM 2.5 ). This scale is not comparable across studies measuring different particle size fractions, but its use facilitates comparison among studies using the same particle size measurements. It was not appropriate to combine the results in a formal meta-analysis because the study methods vary so widely.
Exposure Measurements
TSP and dust were used as measures of particle concentration in early publications. More recently, PM 10 (particulate matter smaller than 10 m aerodynamic diameter) or PM 2.5 (particulate matter smaller than 2.5 m aerodynamic diameter) have been used as measures of exposure. The exposure estimates in 1 recent study were based on the sum of annual TSP and sulfur dioxide (SO 2 ) emissions data (TSPSO 2 ).
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Fetal Outcomes
The following definitions were used: low birthweight (LBW), birthweight less than 2500 g; very low birthweight (VLBW), birthweight less than 1500 g; intrauterine growth retardation (IUGR), birthweight at a given gestational age and sex less than 10th percentile based on national standards for live births; preterm birth, birth at gestational age less than 37 completed weeks; and stillbirth, fetal loss at gestational age 28 weeks and more, birthweight 1000 g or more, or fetal length 35 cm or more.
LBW can be a consequence of either preterm birth (appropriate-for-gestational-age babies born prematurely) or retarded fetal growth (small-for-gestational-age babies born at term). Reduced fetal growth and duration of gestation have different risk factors, 19 and different biologic mechanisms are likely to lead to these different outcomes. We considered LBW to be a measure of fetal growth if the analysis was adjusted for gestational age, or if LBW in full-term babies (born at 37 or more completed weeks of gestation) was used as an outcome. IUGR is a measure of restricted fetal growth at any gestation. We categorized VLBW (used as an outcome measure in 1 study 18 ) as a measure of preterm birth, because over 97% of VLBW babies are likely to be born preterm.
-22
Study Design
A study was described as ecologic if both fetal and exposure data were measured or estimated at a geographic area-based level rather than at an individual level. One ecologic study was described as time-series because it included data over time for a geographically defined population.
For the remaining study designs, the measurement level was predominantly semi-individual (in which fetal data were collected at an individual level and air pollution data were measured at an area-based level) or occasionally individual (both fetal and air pollution data were collected or estimated at an individual level). In the cohort studies, the sample comprised all births in a defined area and time period, and the air pollution exposure before birth and subsequent fetal events were identified. In the only relevant case-control study (fetal-event cases and control births), the exposure to air pollution was estimated by an annual mean rather than exposure before birth. 
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Quality of the Studies
Study quality was described by the extent to which the design, conduct, and analysis minimized selection, measurement, and confounding biases. The following methodologic domains have been suggested to describe the quality of observational studies: study design, comparability of subjects, exposure measurement, outcome measurement, statistical analysis, and funding or sponsorship. 23 The main variations among the reviewed studies were in 1) study design (semi-individual vs. ecologic); 2) exposure measurement (exposure periods used; validity and reliability of the measurement method; comparability of measurement across the study groups; distance of residence from the monitoring stations, when applicable; and spatial or compositional heterogeneity among the examined districts); 3) adjustment for key confounders (in particular, gestational age, maternal smoking, socioeconomic factors); and 4) statistical analysis (appropriateness and whether multiple comparisons were taken into consideration in the interpretation of the results). Key points in relation to these criteria are given in Table 1 and taken into account in the narrative summary.
RESULTS
Studies Identified
We identified 312 papers, reports, and abstracts, of which 46 met the original inclusion criteria for the full systematic review of all air pollutants and fetal/infant outcomes. (We excluded 225 based on the abstract and a further 41 based on reviewing the full publication.) Twelve publications relating to fetal outcomes and directly measured particulates met the inclusion criteria for this article and are reported here. 18 In 2 studies, the outcome was LBW unadjusted for gestational age, 25, 31 which can be considered as either a consequence of preterm birth or growth restriction.
Study Methods
The studies varied by study design, geographic region, PM source and composition, co-pollutant exposures, exposure period investigated, and summary statistics used ( Table   1 ). Eleven of the 12 studies used direct measurements of particulates from routine monitoring of the ambient air pollution level by automated network stations in the study areas, 24 -34 and the remaining 1 used air pollution data based on industrial emission and meteorologic data. 18 Eight studies using direct measurements were semi-individual cohort studies using area-based estimates of maternal exposure to pollutants. 24,26 -30,32,33 One case-control study used industrial emissions and modeled the pollutant level at each home address. 18 The remaining 3 studies used ecologic or timeseries design. 25, 31, 34 In the cohort studies, the hourly or daily measurements of PM concentrations from monitors allowed estimation of individual maternal exposure during the whole or part of the pregnancy, whereas 1 case-control and 2 ecologic studies used the annual mean concentrations of particles.
The exposure periods differed among the cohort studies. Many estimated maternal exposure to PM by trimester of pregnancy, but some examined gestational months 26, 27 or other periods before birth. 32 All 6 cohort studies examining fetal growth adjusted for some important confounding factors, including gestational age, maternal age, and fetal sex. Some studies additionally adjusted for season, 24,26 -29 parity and socioeconomic factors, 24,26 -28,30 maternal smoking and alcohol consumption, 26 -28 and other air pollutants. 28 One ecologic study did not adjust for any confounding factors. 31 Because there is no consistency as to whether associations with PM are reported after adjustment for other pollutants, in Table 1 we have quoted results unadjusted for other pollutants when possible.
Study Findings Fetal Growth
Four of the 6 cohort studies on fetal growth reported associations between decreased fetal growth and particulates, 26 ,27,29,30 whereas 2 had inconclusive findings 24, 28 (Table 1). The association with a change of 10 g/m 3 in particulate matter was strongest (odds ratio [OR], approximately 1.2) for 2 of the studies in which IUGR was the clinical outcome, 26, 27 but this was estimated fairly imprecisely. The exposure period associated with reduced fetal growth was not consistent across studies. Ha et al. 30 found a weak association (OR ϭ 1.03) between reduced fetal growth in term babies and increased PM during the first trimester of pregnancy only, whereas Wang et al. 29 found a weak association (OR ϭ 1.01) with exposure in the third trimester but not in the first. Two Czech publications reported a slightly stronger association in the first gestational month, but not in the other examined periods. 26, 27 These 2 latter publications are not independent datasets, with one 26 being a subset of the other. 27 Two ecologic studies found little evidence of an association between PM level and LBW. 25, 31 However, because 
Preterm Birth
Weak associations with preterm birth (OR, Ͻ1.03) were found with a 10-g/m 3 increase in PM during pregnancy in 3 cohort studies. 24, 32, 33 However (and like with fetal growth), the relevant period of exposure varied among studies ( Table 1 ). The only case-control study found a higher risk of VLBW with increased estimated levels of TSPSO 2 after adjustment for important socioeconomic and maternal confounding factors, including maternal and passive smoking; the odds ratio comparing highest and lowest exposure levels was 2.88, but the precision of this estimate was very low 18 ( Table 1) . Because there was no adjustment for gestational age, VLBW babies in this study are very likely to be born preterm, 20 -22 thus contributing to the findings of "preterm birth" studies.
Stillbirth
The 3 studies reported little evidence of an association between exposure to PM and stillbirth rate. However, the "stillbirth" studies were ecologic or time-series in design with their known potential for bias. In our judgment, the current evidence is insufficient to assess a possible association between PM and stillbirth.
In summary, some results from studies of reasonably high quality suggested a weak association between ambient PM levels and fetal growth restriction and preterm birth, but others did not. All of the reported positive associations were small with odds ratios close to 1.0. Furthermore, the critical exposure period, if any, remains unclear.
DISCUSSION
The available evidence suggests that if there is any effect of particulate air pollution on fetal outcomes, it is unlikely to be large. It remains important to establish whether a causal association exists, even one of small magnitude, because at a population level, even a small reduction in mean birthweight or gestational duration could have a substantial health impact. The current evidence is compatible with either a small true association or with no association.
Although some good-quality studies did report an association between exposure to higher levels of particulate air pollution and adverse fetal outcomes, a number of potential biases and errors need to be considered.
Publication Bias
Some studies lacking statistically significant associations might not have been published. For published studies, it is not known whether the authors chose to report all computed associations, regardless of statistical significance. Publication bias, and the exclusion of papers not published in English, could have decreased the number of results available for review.
Multiple Comparisons
Most papers reported the results relating to various combinations of pollutant, exposure period, and outcome. The findings should be interpreted with caution in these circumstances because of the increased likelihood of a positive finding occurring by chance. All relevant comparisons should be reported, whatever the findings.
Exposure Assessment
Semi-individual studies have the limitation that air pollution exposure is estimated by a few monitors that might not represent individual exposures. This could result in misclassification of exposure, which biases effect estimates toward the null. The potential for bias is also affected by the monitoring possibilities or decisions (eg, annual or daily means, where and how measured, distance of residence from the monitoring stations, residential mobility, and so on). A further issue could be the absence of information about the level of indoor air pollution. These factors could lead to an underestimate of the size of any association.
Studies exploring the health effects of PM are complex to summarize because the definitions and measurement techniques have varied over time. Even the toxicity of equal-sized PM depends on its dispersion and chemical composition, which, in turn, depend on a particular source. 35 The reviewed studies varied by geographic region, with different sources and composition of PM, average levels and ranges, and co-pollutant exposures. Particulate air pollution was measured as PM 10 in 4 geographic settings (Northeastern United States, Southern California, Brazil, Czech Republic), as PM 2.5 in 1 (Teplice, Czech Republic), TSP in 3 (China, South Korea, Czech Republic), TSPSO 2 in one (Georgia, United States), and as dust particle levels in 1 (Japan). The composition of TSP in different geographic regions can differ considerably. According to the U.S. Environmental Protection Agency, the PM 10 -to-TSP ratio is between 50% and 60% for U.S. sampling sites. 2 In the Czech Republic, in contrast, PM 10 has been estimated to constitute approximately 80% of TSP. 25 In China, coal combustion is the dominant source of particulate air pollution, 29 whereas in the Czech Republic, industrial air pollution plays a major role in the overall ambient pollution. 24 In South Korea, automobile exhaust emission is the major air pollution source. than those from South Korea or the Czech Republic, which were themselves higher than in the U.S. study, and this could contribute to differences in studies.
Confounding
Any observational study has the potential problem that an association can result from confounding. This can arise from uncontrolled confounding factors or residual confounding when the measurement of confounding factors is insufficiently precise. Birthweight is sensitive to numerous factors such as gestational age, maternal age, parity, maternal prepregnancy weight, maternal height, weight gain during pregnancy, socioeconomic status, smoking, and infant sex; of these, gestational age is the most important factor. To act as confounders, these factors must also be associated with the exposure. This could occur indirectly through the association of air pollution with socioeconomic status.
Problems with control of confounding are partially associated with study design. It is more difficult to control sufficiently for confounders in ecologic than in individual or semiindividual studies because of the additional potential sources of bias in ecologic studies. 36 For instance, in an ecologic Czech study, 25 the adjustment for socioeconomic characteristics at a district level substantially reduced estimates for LBW. Given the potential impact of socioeconomic factors at both area and individual levels, it would be prudent to investigate whether both types of socioeconomic status measures should be included as confounding factors. Incomplete adjustment for nonseasonal confounding factors such as socioeconomic characteristics is not likely to be a major issue when the comparison is among pregnancies at different times rather than in different areas. Most semi-individual studies in this review chose to control for key confounding factors (ie, gestational age, maternal age, infant sex) at an individual level. However, adjustments were made less often for other important individual risk factors such as smoking, socioeconomic status, and environmental exposures, including other air pollutants (eg, SO 2 , NO 2 ). In the 3 studies reporting estimates with and without adjustment for other pollutants, the effect of this adjustment on the association between PM and fetal outcomes was not consistent across the studies. 25, 32, 33 Without adequate control for confounders, the magnitude of any association between low-level particulate air pollution exposure and fetal health would be difficult to quantify, especially if such an association is small in relation to associations with other etiologic factors.
Biologic Plausibility
Of all the air pollutants thought to affect health, only the mechanism of the toxic effect of CO on the fetus is well understood. 37 This lack of understanding of other possible mechanisms makes it difficult to design studies to investigate potential associations, given the wide choice of key design factors. Any effect of air pollution can be mediated by multiple mechanisms (eg, an air pollutant can exert its effects directly on fetal growth by passing across the placenta or indirectly by impairing maternal health). 38 Three potential mechanisms have been put forward to explain the effects of particulate air pollution on adult mortality and morbidity: an inflammatory response that alters blood coagulation, an allergic immune response, and an alteration to cardiac autonomic function resulting in the reduction of heart rate variability. All these potential mechanisms can be relevant to the fetus. In addition, maternal exposure to particulate air pollutants during pregnancy can result in decreased efficiency of the transplacental function with consequent deterioration in fetal growth and development. It is not known yet whether toxic components of PM or other measured (SO 2 , CO, NO X , ozone) or unmeasured compounds that are correlated with PM (such as polycyclic aromatic hydrocarbons) interfere with mechanisms regulating fetal growth and development. PM can serve as a surrogate for a complex mixture of air pollutants.
When considering the overall strength of evidence, we drew on the following 3 domains: quality (summarizing the quality evaluation of the studies), quantity (magnitude of effect, numbers of studies), and consistency (the extent to which similar findings are reported using similar and different study designs). 23 The evidence reviewed here gives a mixed picture, with a number of findings showing a weak association over some exposure periods, and other studies reporting little or no evidence of an association between particulate air pollution and fetal health outcomes. This picture is consistent with either a causal effect of small magnitude or with no such effect. It currently remains unclear whether the reported associations reflect a true effect or have arisen from the various potential sources of bias. The critical period of exposure is also unclear, and it is possible that the critical exposure period is different for LBW if it were caused by IUGR or by preterm birth. Despite the growing number of studies investigating the relation between air pollution and fetal outcomes, the evidence for a causal association remains weak, albeit plausible.
Future research is needed to clarify whether there is a small adverse effect of particulate air pollution on fetal health. Further ecologic studies are unlikely to add to the evidence. A time-series approach could be justified if the study examines the potential effect of short-term changes in air pollutant levels on acute events (eg, preterm birth, stillbirth), but it would not be useful when examining birthweight as an outcome variable. More refined methodologic designs are needed such as large population-based cohort or casecontrol studies using individual fetal outcome and covariate data and high-quality exposure data. Studies are more likely to find evidence for a small effect if they involve settings with wide variation of air pollution levels. There is currently no strong evidence or hypothesis favoring one fetal outcome measure over another. In our judgment, all reviewed outcomes (ie, fetal growth, preterm birth, or stillbirth) merit further investigation. Moreover, because it is not known whether there are critical time windows of exposure during fetal development, future studies should examine a number of exposure periods during pregnancy (gestational months or trimesters) rather than using annual means of pollution levels. They should also address whether effects are cumulative and, if so, what duration of exposure to ambient air pollution is likely to cause cumulative effects. Although the role of other air pollutants is unclear, it would be advisable to measure these in addition to PM, and to report results with and without adjustment for other air pollutants. To enable estimation of exposure at different periods of pregnancy, daily measurements of air pollutants, information on gestational age at delivery, and date of birth should be available. Studies using individual measurements of exposure to ambient air pollution are now both feasible and desirable.
To avoid spurious positive findings, care should be taken to form individually testable hypotheses, given the problems associated with multiple comparisons. For future studies involving birthweight, it is essential that adjustment for gestational age and other confounders (eg, smoking, socioeconomic status, and maternal factors) is made at an individual level. Reliable methods for the accurate estimation of gestational age, based on fetal ultrasound evaluation in addition to traditional obstetric methods, are advisable.
PM source and chemical composition, as well as size, affect PM toxicity. High-quality exposure assessment is essential for future studies. If further research delivers consistent evidence that particulate air pollution adversely affects fetal health, there will have to be more attention to particles arising from different sources such as vehicular traffic or industrial processes.
Finally, the use of biomarkers for monitoring individual maternal and fetal exposure to environmental air pollution (biomarkers of exposure) 39, 40 or the biologic response to exposure (biomarkers of effect) is at a very early stage. Future studies would benefit from interdisciplinary collaboration between environmental and perinatal epidemiologists, molecular biologists, and environmental toxicologists. Further development is necessary to advance our understanding of a possible mechanism for any impact of air pollution on fetal health.
